Laser-induced breakdown spectroscopy has been recognized as a significant tool for element diagnostics in plasma-wall interaction. In this work, a one-dimensional numerical model is developed to simulate the laser ablation processes of a molybdenum (Mo) target in vacuum conditions. The thermal process of the interaction between the ns-pulse laser with wavelength of 1064 nm and the Mo target is described by the heat conduction equation. The plasma plume generation and expansion are described by Euler equations, in which the conservation of mass density, momentum and energy are included. Saha equations are used to describe the local thermal equilibrium of electrons, Mo atoms,
Introduction
Nuclear fusion is one of the best ways for solving energy problems due to utility deuterium as a fuel, which is very abundant and clean. Plasma magnetic confinement fusion is a major approach to realizing fusion energy. However the plasma is hard to confine perfectly by a magnetic field, even for devices like the Experimental Advanced Superconducting Tokamak (EAST). This leads to series processes of plasma-wall interaction. The first walls of the tokamak devices are subjected to kinds of particle and energy fluxes [1, 2] . In addition, they are bombarded by electromagnetic radiation and neutrons are created in the plasma. Because of the interactions between the edge plasma and the first walls, the wall materials are subjected to harmful mechanisms, such as erosion, re-deposition and fuel retention [3] [4] [5] [6] [7] [8] . As a results, the performance of the system is affected and safety issues are raised, therefore control of steadystate and transient wall power loads to technically acceptable limits and the control of the in-vessel tritium inventory are required. On the other hand, the material of the first wall is significant for present and for future fusion devices due to the harsh conditions in tokamaks.
Since the 1960s [9] , laser-induced breakdown spectroscopy (LIBS) has become a significant tool for component identification on various kinds of samples like metals, alloys [10] [11] [12] [13] [14] [15] . It has been developed as an analysis technique for the first wall and the region near the diverter in fusion devices such as EAST due to the lower cost, little damage, and no need for pre-treatment [15] [16] [17] [18] [19] . Recently, most corresponding studies were carried out by experimental techniques [12, 20, 21] . However, the internal mechanisms involved in LIBS are so complicated that they cannot be explained clearly only by experiment. In a numerical model, several mechanisms for mass removal would be included, such as evaporation, thermal ablation, liquid ejection, phase explosion, and so on. Therefore, it would be necessary to develop one self-consistent numerical model for LIBS by which the experimental results could be analyzed accurately. It would be of benefit to understand the mechanisms and parameter effects on designing and developing the measurements based on LIBS.
Laser ablation is one of the most important issues in LIBS and is also used in numerous applications, such as pulsed-laser film deposition [22] , nanoparticle manufacturing [23] , chemical analysis [24] , surgery [25] , and so on. Over the past five decades, many scientists have attempted to model the laser ablation processes in different regimes of wavelength (1064 nm, 532 nm, and 266 nm), laser irradiance, pulse length (fs, ps, and ns), gas environment (vacuum, ambient gas) and target material [26] [27] [28] [29] [30] [31] [32] . Even so, the physical mechanisms involved still could not be understood clearly.
Because of its hardness and high melting point (ITERlike material), molybdenum (Mo) has been used as the wall material of EAST in recent years. The in situ LIBS diagnosis system in EAST has been developed to investigate the spatial distribution of plasma facing materials (PFMs) [33] . The spatial distribution of H/D atoms on the PFMs was studied to optimize the signal to background ratio for the in situ LIBS diagnosis. The developed LIBS approach has been applied to monitor D-retention and the cleaning performance (Li/D codeposition) of the first wall (Mo) in the fusion device of EAST [13, 34] .
However, there are no relative numeric simulation results to better explain experimental data. Therefore, the knowledge of the ablation processes such as laser heating, plasma plume generation, expansion, and the plasma emission is necessary to design an approach for better diagnostics. Considering those factors, the in situ LIBS diagnostics of first wall is crucial.
In this work, a one-dimensional gas-dynamic numeric model is developed to simulate the laser ablation processes of Mo material in vacuum condition similar to the running conditions in EAST. The thermal process of the interaction between the ns-pulse laser with wavelength of 1064 nm and the Mo target is described by the heat conduction equation. The plasma plume generation and expansion are described by Euler equations, in which the conservation of mass density, momentum and energy are included. Moreover, Saha equations are used to describe the local thermal equilibrium (LTE) of . Plasma shielding and optical emission were all considered in this model. The mainly numeric results are given and compared with experimental data in the paper.
Theory
To simulate the ablation processes between the nanosecond (ns) laser and the Mo target in vacuum conditions, four main processes are included in the present numeric model:
(1) laser heating and phase change of the target material, (2) vapor production and plasma plume expansion, (3) plasma shielding, (4) plasma spectral radiation.
For the interaction between the ns laser pulse and metal target, the electromagnetic energy from laser light is converted into heat and a local thermodynamic equilibrium state is established. The temporal and spatial evolutions of the temperature inside the target are described by the heat conduction equation [35] [36] [37] : represent temperature, specific heat, mass density, thermal conductivity and the rate of surface recession, respectively, and x is the depth inside the target from the surface (x=0). R f is the surface reflectivity, which depends on the laser fluence as well as the target material. ( ) I t is the laser intensity at the surface assumed to have a temporal Gaussian distribution.
The boundary conditions at the target surface for
where DH vap is the heat of vaporization. Expansion of the plume is governed by the time dependent Euler equations with format [38] :
IB laser rad
where r is the vapor density, v is the propagating velocity of the vapor stream, E is the total energy and p is pressure. For the source term of energy, both the absorption of laser beam energy through the inverse Bremsstrahlung of electrons in the fields of neutrals and ions (a I IB laser ) and the loss due to the Bremsstrahlung process (e rad ) are considered. The caloric equation of state is applied to close the Euler equations, and the total energy is calculated by the summation of kinetic, internal and ionizations energies [38] : respectively. a IB in equation (3) is given by summation of the electron-neutral and electron-ion inverse Bremsstrahlung absorption coefficients [27] :
IB,e n B Conversely, the loss of energy (e rad ) occurs in plasma before and after pulse duration due to the Bremsstrahlung process [27] : Temperature is related to the partial pressures of vapor and electrons using the ideal gas law [38] :
Furthermore, the electron and ions fractions can be calculated by the Saha equations (equations (9), (10)) in combination with the conservation of matter (equation (11)) and charge (equation (12)) as the local thermal equilibrium is assumed [27] : 
Plasma optical emission consists of background emission, atomic, molecular, and ionic spectral lines as well as continuous radiation. Because of the Bremsstrahlung, continuous radiation happens near the target surface at the initial stage. Then, plasma cools down, electrons recombine with the ions, and spectral lines appear. Line emission is calculated by the summation of sample lines [28] :
In the model, the Stark effect is the main mechanism of line broadening since a large number of electrons and ions exist in plasma at an initial period of laser irradiation. Due to the Stark broadening of each line, the Lorentz line profile can be calculated by [28] : where g ul j is the decay rate and depends on the Stark line width, and v i and v j are the frequency of ith and jth strong lines, respectively [28] .
where c is the light speed and the FWHM width of the jth line in the spectral lines can be calculated by [39] : 
Results and discussion
The simulation parameters are chosen as follows: the laser pulse is set to 5 ns, and the amplitude of laser irradiance intensity ranges from 9×10 11 12 W m −2 , the calculated laser intensity profile on the surface of the target varied with time, as shown in figure 1 . The red line represents the original laser pulse and the black one is the real intensity of the laser irradiance on the target after plasma shielding. It is obvious that the plasma shielding effect can be observed. In order to describe the effect of the plasma shielding quantitatively, we calculate the percentage of the laser energy going through the plasma. It is found that the value is 32% in this case. Figure 2 describes the percentage of the plasma shielding effect varying with the laser irradiance from 9×10 11 The calculations indicate that the plasma absorbs more laser energy and the shielding effect is more and more significant as the laser irradiance increases. As shown in figure 2 , the curve fits well with the Nelder function = y The velocity of the plasma plume front with different laser irradiance at 100 ns is shown in figure 3 . When the laser irradiance is set to 1×10 12 W m −2 , the plume velocity is 3200 m s −1 , as can be seen from the left point. Then the velocity increases abruptly to 20 000 m s −1 when the laser irradiance increases to 1×10 13 W m −2 . Eventually, the trend turns to almost linear increase after the irradiance of 9×10 12 W m −2 . It is found that this curve can also be fitted well with the Nelder function 37 10 , 7 respectively. In figure 4 , the maximum temperature is about 20 000 K for laser irradiance of 7×10 12 . The horizontal coordinate is the perpendicular distance from the measuring position to the target surface. It can be seen clearly that the lower the laser irradiance is, the shorter the plasma plume length. It can also be found that the plasma temperature is influenced by laser irradiance, and the temperature of the plasma front is lower than that in the center region due to the plume expansion.
In figure 5 , the horizontal coordinate is the perpendicular distance from the measuring position to the target surface. As time goes on, plasma moves backward to the target surface and the peak density of the plasma plume becomes lower due to plume expansion. It can be deduced from figure 5 that the number density of Mo + is higher than that of Mo
2+
, and both of them increase along with the laser energy.
The temporal evolutions of the plasma density at different laser irradiance are given in figure 6(a) times ranging from 10 ns to 140 ns. It is shown that the temperature decreases over time and the higher temperature corresponds to stronger laser irradiance. In figure 7 , the general trend of the velocity rises with the time increasing due to plasma plume adiabatic expansion while one valley appears at 20 ns, which is caused by the pressure gradient near the target surface resulting in negative plasma velocity. It also can be found that higher laser irradiance leads to faster plume expansion velocity. Figure 8 shows the numerical results of spectral intensity in vacuum condition at 100 ns in laser irradiance of 7×10 12 Figure 9 illustrates the numerical results of Mo spectra in the range of 545 nm to 564 nm at various delay times of 50 ns, 70 ns, 90 ns, 110 ns and 130 ns. Three peaks appear at the wavelengths of 550.6493 nm, 553.3031 nm and 557.0444 nm, respectively. It is shown that the strongest peak is at 550.6493 nm and the intensity increasing with time. 
Conclusions
In this work, a one-dimensional numeric model was developed to simulate the laser ablation processes of Mo material in vacuum conditions similar to the running conditions in EAST. The thermal processes, heating, melting, vapor production and expansion, plasma formation and plasma shielding, and plasma emission were all considered in this model. The mainly numeric results were divided into three parts. Firstly, the rule of the plasma shielding effect as a function of irradiance was demonstrated quantitatively and fitted with the Nelder function. Secondly, the key parameters of the plasma plume such as the number density of species, the propagation velocity, and the temperature were all calculated in this model. Thirdly, the persistent lines of the Mo atom in the wavelength range from 300 nm to 600 nm were selected and the spectrum was calculated. Moreover, the temporal evolutions of Mo's spectral lines were given and the results were compared with experimental data.
